Summary We conducted the first comparison of dual-energy X-ray absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) outcomes in adolescent girls with anorexia nervosa. We observed deficits in bone density by both tools. pQCT assessments were associated with many of the same clinical parameters as have been previously established for DXA. Introduction Adolescents with anorexia nervosa (AN) commonly exhibit bone loss, but effects on bone geometry are less clear. We compared measures obtained by DXA and pQCT in girls with AN. Methods Seventy females (age 15.5 ± 1.9 years ) with AN and 132 normal-weighted controls underwent tibial measures by pQCT including trabecular volumetric bone mineral density (vBMD) at the 3 % site, cortical vBMD and dimensions at the 38 % site, and muscle cross-sectional area (CSA) at the 66 % site. Participants with AN also underwent standard DXA measures. Independent t tests compared the pQCT results, while Pearson coefficient assessed correlations among DXA and pQCT measures. Results Trabecular vBMD Z-scores were lower in AN compared to controls (AN −0.31 ± 1.42 vs +0.11 ± 1.01, p = 0.01) and cortical vBMD Z-scores were higher (AN +0.18 ± 0.92 vs −0.50 ± 0.88, p < 0.001). Trabecular vBMD and cortical CSA Z-scores positively correlated with DXA BMD Z-scores (r range 0.57-0.82, p < 0.001). Markers of nutritional status positively correlated with Z-scores for trabecular vBMD, cortical CSA, section modulus, and muscle CSA (p < 0.04 for all). Conclusions This study is the first to compare DXA and pQCT measurements in adolescent girls with AN. We observed deficits in BMD by both DXA and pQCT. pQCT assessments correlated well with DXA bone and body composition measures and were associated with many of the same clinical parameters and disease severity markers as have been previously established for DXA. The differences in cortical vBMD merit further study.
Introduction
Anorexia nervosa (AN), a disorder characterized by energy restriction, intense fear of weight gain, and disturbance of body weight perception, is becoming increasingly prevalent [1] . Disease onset often occurs during adolescence, when bone mineral accretion rates should be at their highest. Early bone loss of the axial skeleton is a frequent complication of AN, occurring in over half of patients [2] . The pathogenesis of bone loss in adolescents with AN is characterized by impaired bone formation and accelerated bone resorption [3] [4] [5] resulting from a combination of hypogonadism, hypercortisolism, low body mass, poor nutrition, and changes in bone marrow composition. Previous studies using dual-energy X-ray absorptiometry (DXA) have shown a significant reduction in bone density compared with age-matched controls, with the lumbar spine (a site consisting primarily of trabecular bone) appearing to be particularly vulnerable [6, 7] . Bone mineral density (BMD) in adolescents with AN is correlated with body mass index (BMI), age at onset of illness and of menarche, lean body mass, and duration of illness [3, [7] [8] [9] [10] [11] .
The implications for life-long skeletal health are substantial; patients with AN have a sevenfold increased incidence of fractures, which may occur at multiple sites [12] . DXA has been the most widely used tool in clinical practice for the assessment of bone mass. DXA measures bone in two dimensions and allows for calculation of areal BMD (g/cm 2 ). However, bone strength depends on skeletal properties such as geometry, bone material properties, and internal architecture which are not reflected directly in DXA measurements. Additionally, cortical and trabecular bone mineral content (BMC) are superimposed with DXA, which may conceal distinct disease and treatment effects on the separate components of BMC.
Peripheral QCT (pQCT) allows for direct selective measurement of trabecular and cortical volumetric BMD (vBMD) and additional cross-sectional geometry measures that are highly correlated with fracture load [13] . We previously reported deficits in estimates of cortical bone geometry and strength measured at the hip in adolescents with AN [14, 15] . As measured by high-resolution pQCT, cortical area and thickness at the distal radius were lower in girls with AN than control subjects [16] . In children with nephrotic syndrome, use of pQCT highlights the potential discrepancy between DXA and pQCT measures [17] . By DXA, areal BMD was lower than the reference group. However, these children had significantly lower mean pQCT trabecular vBMD Z-scores and significantly greater cortical vBMD Z-scores than the reference population [17] . Similar discrepancies between DXA and pQCT have been seen in studies of pediatric patients with Crohn disease and cystic fibrosis [18, 19] .
To our knowledge, no studies have concurrently compared measures by DXA and pQCT in adolescents with AN at a weight-bearing site. The current study thus aimed to compare measurements from DXA with tibial measures by pQCT in a cohort of adolescent girls with AN. We also examined the clinical correlates with skeletal measures obtained by each technique and the associations of pQCT with muscle density.
We enrolled patients over a broader degree of illness presentation than has occurred in some earlier reports, with the aim being to illustrate the spectrum of disease seen by clinicians and examine the skeletal implications of this range.
Materials and methods

Participant selection
Between January 2012 and January 2015, female adolescents (ages 11-20 years) were recruited from two urban hospitalbased eating disorders programs for participation in a longitudinal clinical trial (Clinicaltrials.gov, NCT01343771). Eligible patients (n = 70) were postmenarchal or had a bone age ≥13 years and met DSM-V diagnostic criteria for AN including persistent restriction of energy intake leading to significantly low body weight, disturbance in the way one's body weight/shape is experienced, and intense fear of weight gain. Subjects were excluded if they had other medical conditions known to affect bone health (such as celiac disease or cystic fibrosis) or if they were receiving medications known to affect the skeleton (such as oral contraceptives). All presented data were obtained at the baseline visit of the randomized trial.
Control subjects were recruited from general adolescent medicine clinics at the same two hospital sites: Boston (n = 74) and Providence (n = 58). All control subjects were normal-weighted, free of concomitant chronic diseases which affect bone health, and did not regularly use medications (with the exception of vitamins or supplements) over the year prior to study enrollment. We compared data from participants with AN to these Blocal^controls to avoid any confounding effects related to the regional differences between our local population and the reference population.
The local institutional review boards approved the study protocol. Written informed consent was obtained from study patients or their parent/guardian. Minor subjects also provided assent for participation.
Skeletal assessments
In subjects with AN only, DXA (Discovery A, Hologic, Inc., Bedford, MA) measurements were obtained for the total body excluding the head (TBLH), posteroanterior lumbar spine (L1-L4), and total hip on the same model scanner in Boston and Providence. Skeletal outcomes included BMC (g) and areal BMD (g/cm 2 ). Scans of the phantom were performed daily. The CV was <1.0 %. Image analysis was performed using QDR for Windows XP 12.4 software (Hologic, Inc.).
In both participants with AN and healthy controls, measurements through serial cross sections of the left tibia were obtained by pQCT using a Stratec XCT 3000 pQCT device (Orthometrix, White Plains, NY) with a 12-detector unit, voxel size of 0.4 mm, slice thickness of 2.3 mm, and scan speed of 20 mm/s. Scans were obtained using established measures. A scout view was first obtained to place a reference line at the proximal border of the fused distal tibia growth plate. The location of measurements was determined using percentages of the tibia length proximal to this reference line to avoid issues related to height. At the 3 % metaphyseal site, scans were analyzed for trabecular vBMD (g/cm 3 ). At the 38 % meta-diaphysis site, scans were analyzed for cortical vBMD, cortical BMC (g), cortical cross-sectional area (CSA, mm 2 ), periosteal circumference (mm), endosteal circumference (mm), and polar section modulus (Zp, mm 3 ). Calf muscle and fat CSA (mm 2 ) were assessed at the 66 % diaphyseal site. As previously described [20, 21] , pQCT measure of muscle density (g/cm 3 ) was also obtained. Scans were analyzed using Stratec software, version 6.20. The manufacturer's phantom was scanned daily for quality assurance. Average coefficient of variation (CV) ranged from 0.2 to 0.6 %.
Biochemical assessments
Serum 25-hydroxyvitamin D [25(OH)D] concentration was measured by liquid chromatography tandem mass spectrometry [22] with local interassay precision of 7.3 %. Biomarkers of bone formation [serum levels of osteocalcin (OC) and bone-specific alkaline phosphatase (BSAP)] and bone resorption [serum C-telopeptides (CTx)] were also measured. OC was measured by ELISA (ALPCO Diagnostics, Salem, NH; %CV 5.0-6.5 %); CTx was measured by immunoradiometric assay (Immunodiagnostic Systems, Tyne and Wear, UK; %CV 5.2-6.8 %); and BSAP was measured by access chemiluminescent immunoassay (Beckman Coulter, Brea, CA; %CV 1.5-2.6 %). Samples were batched to minimize chance of batch effects.
Additional study measurements
Anthropometrics were obtained in all participants. Height (cm) was measured using standardized procedure with a wall-mounted stadiometer. Weight (kg) was measured in the morning, postvoiding, with subjects wearing a hospital gown. BMI was calculated using the following formula: BMI = weight (kg) / [height (m)] . The Hamwi method for women was used to calculated percentage ideal body weight (% IBW) = 100 lbs. for 60 in. tall, and 5 lbs./in. for each inch over 5 ft [23, 24] . Body composition measures [total body lean mass (kg), total body fat mass (kg), percentage body fat] were obtained by DXA in all participants with AN. All participants responded to a structured interview to obtain demographic information and health history, which included information about menstrual history, smoking status, personal history of fracture, and family history of osteoporosis.
Statistical analysis
DXA and pQCT results were converted to gender-and racespecific (black vs nonblack) Z-scores relative to age using the LMS method (LMS Chartmaker version 2.3) [25] . The LMS method accounts for the nonlinearity, heteroscedasticity, and skew of bone data with age. The DXA BMD data in the participants with AN were converted to Z-scores using the LMS curves generated by the multicenter Bone Mineral Density in Childhood Study (BMDCS) using Hologic scanners [26] . Results were adjusted for height Z-scores to account for the correlations between height and bone measures. The pQCT bone, muscle, and fat results were converted to Z-scores using LMS curves generated in over 650 healthy children, adolescents, and young adults at a single center, as previously described [27, 28] .
We used standard descriptive statistics to characterize the distribution of bone measures and clinical variables in AN and control participants. We used the independent t test to compare the AN and control distribution of pQCT measures, which were obtained in both groups. The Pearson coefficient was used to assess correlation between DXA and pQCT measures in the AN participants, in whom both scans were performed, and to assess the association of clinical markers with both DXA and pQCT measures. To compare two Pearson correlations involving a common variable, we used the method of Zou [29] .
We employed complete-case analysis, as under 0.3 % of pQCT and DXA values were missing or discarded because of motion artifact. Correlations that were significantly different from zero with p < 0.05 were taken as statistically significant. No adjustment of type I error rate was made for multiple comparisons, as the Bonferroni correction is unduly conservative since it assumes independence of measures, and our measurements are highly correlated. SAS software (version 9.4, Cary, NC) was used for all computations.
Results
The adolescents with AN (n = 70) and healthy control subjects (n = 132) were similar in terms of age and height ( Table 1) . As expected due to the nature of their illness, adolescents with AN had a lower BMI and percentage ideal body weight ( Table 1 ). The distribution of weight in the control subjects was normal. Race was self-reported by all subjects ( Table 2) . The racial and ethnic distribution of the control subjects matched across recruitment sites. Given differences in race and ethnicity between subjects with AN and the 132 healthy control subjects, we created a group of n = 40 adolescents matched for race and ethnicity (Tables 1 and 2 ). Approximately 1/3 of the girls with AN reported a history of fracture, while 24 % had a known family history of osteoporosis. Among controls, the prevalence of fractures was similar; 38 (29 %) reported a history of fracture. A family history of osteoporosis was significantly lower among controls, reported in 13 (10 %) (p = 0.01).
All control subjects reported regular menstruation. Girls with AN reported amenorrhea for a median duration of 4 months (range 1-18 months). Of the subjects with AN, seven were premenarchal and three had primary amenorrhea. These ten subjects were not included in the calculation of duration of amenorrhea. Those subjects noted to have 1 month of amenorrhea had been receiving oral contraceptive pills, which they stopped for 1 month prior to study enrollment. Almost half of the girls with AN were vitamin D insufficient; 10 % were vitamin D deficient (Table 3) .
The DXA BMD and BMC results for the participants with AN are summarized in Table 4 . A substantial number of girls with AN had a BMD less than expected for age. Deficits at the lumbar spine were most common; 31 % had a BMD Zscore < −1 SD, and 11 % ≤ −2 SD. The BMD Z-score mean was significantly below zero for both the hip and spine (p = 0.04 and p = 0.002, respectively). Body composition was notable for the fairly low mean body fat percentage (24.4 %).
Trabecular vBMD Z-scores were significantly lower in subjects with AN compared to the larger control subject sample (p = 0.01), but not compared to the matched control subjects (p = 0.45; Table 5 ). The mean cortical vBMD Z-score of girls with AN was higher than that of the control subjects (p < 0.0001), whether matched or not. Periosteal circumference and section modulus were both lower in subjects with AN compared to matched control subjects (Table 5) . Tibial pQCT BMC, CSA, and cortical thickness Z-scores were not different between groups (Table 5) .
Body composition measured by pQCT also differed. The calf muscle and fat CSA Z-scores were much lower in girls with AN than in control subjects (Table 5 ; p < 0.0001 for both). Muscle density was also lower in the AN group (p = 0.03). Body composition measurement Z-scores by pQCT correlated consistently with similar measures by DXA. Muscle CSA Z-score was positively associated with whole body lean mass on DXA (Pearson r = 0.67, p < 0.0001) and not associated with fat mass (p = 0.52). Similarly, fat CSA Z-score was highly correlated with body fat mass by DXA (Pearson r = 0.62, p < 0.001) and not with lean mass by DXA (p = 0.60). In girls with AN, tibia trabecular vBMD Z-scores correlated with DXA TBLH and hip BMD Z-scores (Table 6 ; Pearson r = 0.79 and 0.78, respectively, p < 0.001 for both). The association between trabecular vBMD Z-score and lumbar spine BMD Z-score was still significant (Pearson r = 0.57, p < 0.001), but not as strong as for TBLH or hip (p = 0.001 for the differences in Pearson r). Trabecular vBMD Z-scores also correlated with BMC Z-scores at all three measured sites (Pearson r = 0.54 to 0.79, p < 0.001 for all), again less strongly for the spine than for TBLH or hip (p < 0.01 for differences). In contrast, no significant associations were found between cortical vBMD Z-scores and BMD Z-scores. Only lumbar spine BMC Z-scores correlated with cortical vBMD Zscores (Table 6 , Fig. 1 ). Relationships between other pQCT measures and DXA were significant. Cortical bone mineral content, cortical CSA, and cortical thickness Z-scores were all associated with TBLH and hip BMD and BMC Z-scores To examine clinical features of AN that were associated with peripheral skeletal deficits, we explored relationships between markers of disease severity and pQCT measurements. Age was negatively associated with cortical vBMD Z-scores (Pearson r = −0.30, p = 0.01). Markers of malnutrition (BMI Z-score and percentage of ideal body weight) were positively correlated with almost all pQCT measurement Z-scores. For BMI Z-score, correlations with trabecular vBMD, cortical BMC, cortical CSA, section modulus, and muscle CSA Zscores ranged from Pearson r 0.35 to 0.50, p < 0.005 for all). Correlations with the percentage of ideal body weight were similar (Pearson r ranging 0.22 to 0.42, p < 0.07 for all). The exception was cortical vBMD Z-scores, which were not significantly associated with either nutritional measure. Neither the duration of disease nor duration of amenorrhea was associated with the pQCT measures.
We also examined whether there were associations between bone turnover markers and other skeletal outcomes, to evaluate for potential mechanisms to explain the observed results. Bone-specific alkaline phosphatase, a marker of bone formation, was negatively correlated with DXA aBMD Zscores of the total body less head and hip. We found no significant correlations between BSAP and any pQCT variables, or between CTx or osteocalcin and the current DXA or pQCT variables. Similarly, there were no significant correlations between vitamin D concentrations and bone measures.
Discussion
While DXA is a widely utilized clinical tool, this methodology possesses inherent limitations that impact its ability to characterize fully and accurately skeletal wellness. In the current study, we revealed deficits in bone density by both DXA and pQCT in adolescent girls with AN. Assessments by pQCT correlated well with bone and body composition measures by DXA. The strong correlations noted between findings from pQCT and DXA are noteworthy as questions have arisen as to whether these technologies capture the same skeletal properties. pQCT measurements were associated with many of the same clinical parameters and markers of disease severity as have been previously established for DXA.
In our cohort, TBLH BMC Z-score and TBLH BMD Zscore both appear to capture cortical bone size as measured by pQCT cortical CSA Z-score (Pearson r = 0.62, p < 0.001 for both). It has previously been demonstrated that this relationship occurs because cortical BMD varies in such a narrow range that BMC is almost entirely a function of bone size [18, 30] . Our data in AN are consistent with these previous reports. Cortical measures by DXA correlated with cortical measures by pQCT; this same association was seen with the trabecular measures. Lumbar spine BMD Z-scores by DXA are correlated with trabecular vBMD Z-scores. Conversely, we did not find significant associations between cortical vBMD and DXA measurements in our sample. As the majority of skeletal mass is composed of cortical bone, measures such as DXA TBLH BMC Z-scores would be expected to be highly correlated with cortical vBMD. We hypothesize that the adverse effects of this eating disorder on bone remodeling contribute to the observed greater cortical vBMD Z-scores in our patients. In AN, both the low body mass and multiple hormonal aberrations associated with the disease lead to alterations from normal in both bone resorption and bone formation. We have previously demonstrated suppressed bone formation and resorption in hospitalized adolescents with AN [31] . This low bone turnover state translates to less new bone being formed. Newly formed bone is less pQCT peripheral quantitative computed tomography, AN anorexia nervosa, vBMD volumetric bone mineral density, BMC bone mineral content, CSA cross-sectional area a Compared with AN, by independent-sample t test mineralized than mature bone. If AN induces suppression of cortical modeling, older bone with greater material density will accumulate, leading to greater cortical vBMD. This effect has been previously described in cohorts of children and adolescents receiving chronic glucocorticoid therapy for renal disease [17, 32] . Long-term glucocorticoid therapy led to reduced bone formation markers, decreased height Z-scores, and elevated cortical vBMD Z-scores [32] . This finding is of concern, since too much bone mineralization can lead to brittle bones [33] and thus to increased fracture risk [34, 35] .
Poor bone formation prevents improvements in cortical dimensions. In a study of chronically ill adult women with AN, Milos et al. assessed the ultradistal radius with threedimensional pQCT [36] and reported reduced cortical thickness in subjects with AN. Similar deficits in cortical thickness at the radius have also been demonstrated in other skeletal Brisk groups,^including children with chronic kidney disease [37] . In our sample, we did not find substantial deficits in cortical thickness at the tibial midshaft. Similarly, we did not observe impairments in growth, based upon the normal height Z-scores in our sample. These findings may reflect the younger age (mean 15.5 years) of our cohort compared to the Milos investigation (mean age 23.4 years), as well as shorter disease duration in the current study (4.5 months versus 5.8 years). In addition, many of our subjects were weight-restored at an average 91 % ideal body weight. Weight restoration, early detection of illness, and early intervention may have ameliorated deficits in cortical thickness in this sample. Patients with onset of AN prior to puberty have bone deficits at both axial and appendicular sites, while those with onset of disease during adulthood are more likely to have axial disease [38] . The majority of our subjects with AN had onset of disease following menarche, after a period of rapid bone growth. Given this timing, our findings suggest that malnutrition may have less severely affected the appendicular skeleton (as detected by pQCT) and more substantially impacted trabecular-rich areas (as assessed by DXA). This hypothesis is further supported by the inverse relationship seen between age and spine BMD Z-score in our subjects with AN. Age may be a proxy measure for duration of disease. As patients grow older and the duration of disease lengthened, ageexpected trabecular bone accretion may not have occurred at the lumbar spine. Metabolically active trabecular bone is also predisposed to reflect acute changes in nutritional status or other clinical parameters compared to cortical bone. In contrast, we see the expected positive correlation of age with TBLH BMC and hip BMC Z-scores.
Previously demonstrated relationships between body mass [3, 39, 40] and BMD Z-scores were confirmed. Similar positive correlations were seen between BMI Z-score and bone mineral content at all sites, lean mass and fat variables. These results support our long-time premise that weight gain and normalization of body composition parameters are good for bone health in patients with AN. Weight gain should be encouraged as a baseline intervention regardless of what new skeletal agent is being tested.
Study limitations should be acknowledged. The sample size was relatively small, and the study design cross-sectional, with its inherent limitations. The current sample included many patients with relatively mild illness severity. Our recruitment strategy aimed to examine bone health across a broader spectrum of disease than has been captured in earlier reports. However, considering this study design, the lack of striking skeletal abnormalities between subjects with AN and controls may not be generalizable to those patients with long-standing and severe disease. Study subjects were only required to complete a 1-month washout of OCPs prior to participation. Some of the findings noted were unexpected, such as the higher cortical vBMD in participants with AN compared to control subjects. This finding may represent the underlying compromised bone formation among anorexic subjects or compensatory response to alterations in bone turnover and endocrine parameters. pQCT cannot assess bone microarchitecture. There are also known inherent differences in any densitometric technique that could be at play and merit additional study. From the crosscalibration data presented, we show substantial difference between scanners with respect to cortical density, significantly impacting Z-scores. It is noteworthy that differences between machines may have explained the higher cortical vBMD observed in the current participants with AN. Biochemical and nutritional data from the control group are lacking.
In conclusion, we found skeletal deficits at the appendicular skeleton by pQCT in a sample of adolescent girls with AN. While pQCT measures can capture changes in cortical structure and trabecular vBMD Z-scores, no DXA measures are able to detect alterations in cortical vBMD. Many of the same clinical markers of disease known to impact the axial skeleton also effect measures of bone health in the periphery. To our knowledge, this is one of the first studies to compare DXA measures of bone health to pQCT results in the same cohort of girls with AN. Our results indicate that malnutrition and the accompanying systemic alterations may impact both the peripheral and axial skeleton of young women with AN, although the timing of the impact and severity may differ. While DXA may be insufficient to measure true structural bone properties that determine fracture risk, it may provide a useful screening tool to identify at-risk patients, particularly given its wide availability and good safety profile. Our findings offer a provocative new look at an old problem and should drive larger longitudinal trials exploring true fracture risk in adolescents with AN.
